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ABSTRACT

This paper discusses x-ray measurements associated with the dumping of

electrons from the magnetic field, made with balloons and rockets. It is

shown that in the normal auroral zone the x-ray bursts occur throughout

the 24-hour period, have peak intensities corresponding to electron fluxes

of 106 to IO7/cm2.sec, and have integrated fluxes over a 24-hour period of

IoIO/cm 2. In the auroral zone the x-ray bursts arising from 30-kv or higher

electrons are not correlated with visible aurorae. /Direct rocket measure-

ments of bright aurorae in the auroral zone confirm this by showing the

absence of appreciable electron fluxes above 20 kv. i At lower latitudes,

however, the x-rays are well-correlated with visible aurorae, have peak

burst intensities of 109 electrons/c_2-sec greater than 30 kv, and are

also strongly correlated with negative bays in the local magnetic field.

The Van Allan outer radiation belt electrons provide a suitable reservoir

for explaining mar_ characteristics of the x-rays because of the latitude

distribution and energy of the trapped radiation. Acceleration, decelera-

tion, and redistribution processes are suggested which may result in the

i

precipitation of these electrons to form the x-rays.
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I. INTRODUCTION

In the last several years a considerable number of measurements have

been made of bremsstrahlung detected at balloon altitudes and originating

from energetic electrons incident on the high atmosphere. Because these

measurements may have an important relationship to the processes in the iono-

sphere, the magnetic field of the earth and its trapped radiation, and the sun,

certain features which are emerging in the _na_ysis of these data seem worthy

of discussion.

It appears that the electrons responsible for balloon x-ray events have

an energy spectrum much llke the Van Allen outer zone electrons, and that the

peak intensity of the bursts at different latitudes follows the intensity of

outer zone trapped electrons projected to the surface of the earth along lines

of force. It is possible that low-latitude aurorae may be largely due to

these electrons, but it now seems certain that the classical polar aurora is

not so associated, and that it consists almost entirely of very bow energy

electrons. These low energy particles are precipitated into the auroral zone

from a region in the magnetic field at 6-10 earth radii. This region and the

low energy particles which populate it (not measured by previous satellites or

probes) may be the seat of the ring currents assumed responsible for the main

phase of magnetic storms, and for the alteration of the St_rmer cutoff energies

for cosm_ic rays°

We shall not be concerned here _th the origin of the polar aurora, but

rather will examine the evidence for the energetic x-ray electrons, and consider

mechanisms by which they may be precipitated by acceleration, deceleration,

or scattering of the outer radiation belt electrons.

The balloon measurements come from the work of three groups: Anderson

and co-workers at the State University of Iowa, Brown and co-workers at the

University of California, and Winckler and co-workers at the University of
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Minnesota. Balloon measurementshave been carried out at three locations,

namely Ft. Churchill, Manitoba, Canada; Fairbanks, Alaska; and Minneapolis,

Minnesota. In addition, the detection of bremsstrahlung radiation by Van

Allen and co-workers with rockoon flights above the atmosphere in 1954 and 1955

and recent rocket measurementsin visible aurorae by McIlwain and in high

latitude x-ray events by Davis have very important bearing on the interpreta-

tion of these data.

The x-rays have cometo be knownas auroral x-rays, although this is cer-

tainly not correct in certain respects, as will be discussed below° Although

the geographical coverage of the data is meagreand the balloon observations,

comparedwith other geophysical observations, are infrequent, these measure-

ments have the great advantage over many geophysical data that they are a well-

defined physical quantity and lead to specific knowledge about the spectrum,

energy, and time variations of the electrons incident on the top of the atmos-

phere. With such knowledge about the properties of the incident electrons on

the a_mosphere, the real problem concerning their origin, their mechanism of

discharge from the magnetic field, their relationship to the Van Allen belts,

changes in the magnetic field, and solar influences begin.

A close association exists between the balloon x-ray events and the

increase of density of ionospheric D-layer electrons. This results in the

increased absorption of radio waves in this region as shown by riometerso

The cmuplete ana_sis of this problem is complex and we shall attempt only to

give sc_e typical data in this paper.

In an examination of the x-ray data it is apparent that the m_asurements

in the auroral zone have different time behavior and associations than the

x-ray measurements at lower latitude, and that these differences seem to have

a relationship to the properties of trapped radiation measured by earth satel-

lites and rockets in the magnetic field of the earth° We will therefore divi_
(3
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our discussion between the characteristics of the x-rays seen in the auroral

zone and those seen at lower latitudes.

In the balloon measurements, the x-rays are detected with steel and alu-

minum ion chambers, various types of Geiger counter configurations, and scin-

tillation counters. Each of these instruments has a definite sensitivity for

photons of various energies _hich can be qt_te well dete_funed° The scintil-

lation counters are the most sensitive, and the a_uinum ionization chambers

and thin wall Geiger counters, especially those shielded from background cos-

4mlc radiation, also have a relat_vely high sensitivity. Single Geiger counters

can detect the stronger events, but are hampered by absorption in the counter

walls and the large background in the atmosphere of charged particles from the

cosmic radiation. The measurements are c¢,mnon_ made at an atmospheric height

of 30-20 kin, which corresponds to about 5-1C g/cm 2 of air between the balloon

and the source of the bremsstrahlumg. The bremsstrahlung is produced in a

layer where the primary electrons coma to rest at a height of about 80-100 kin.

Between that height and the balloon the photons are absorbed in an energy-

dependent manner, mainly by the photoelectric process_ but attenuation and

degradation also occur by Thompson and Cor_ton-type scatte_.ng.

II. LOW LATITUDE X-RAY BDRSTS

l:e shall begin with a discussion of the x-rays as observed at Minneapolis,

Minnesota, at a latitude of about 55° geomagnetic. The _tinneapolis observa-

tions of x-rays always occur during considerable dlsttu_bances of the earth's

_agnetic field and, wherever visual observations can be made, are found to

accompany strong aurorae at the zenith at the time of the observation of the

bremsstrahlung. This was true in the very first case so meamn-ed, on July l,

1957, when the aurora was well observed visual]_f. Subsequent cases were also

observed visually and with all-sk_ cameras located at nearby points. One of

the most striking cases was the great storm of September 23, 1%7. We show,

9
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in Figures 1 and 2, the balloon x-ray bursts measured by the IGY-type steel

ionization chamber and the brass Geiger counter, both relatively insensitive

instruments, and, for comparison, all-sky camera records from Choteau, Montana.

The timing of the x-ray-produced rate increases with strong features of the

visual aurora is within appraximate_ one minute. In this case a very long

rayed arc stretching across much of the northwestern U. S. was present

(_nckler, 1960). This means that the origin of the x-rays was within + 50 km

of the zenith where the auroral forms were observed. Thus it cannot be stated

with exact certainty that the electrons producing the bremsstrahlung were a

part of the individual rayed structures, as these are generally less than one

km in lateral extent. However, the limit given above is consistent with the

absorption of x-rays in the atmosphere so that x-rays from greater distances

than 50 km would not be detected. It thus appears that the electrons are

localized in a region near the rayed or active structures of the low latitude

aurorae. The cases of auroral-associated x-ray bursts measured at _inneapo!is

have been summarized for the IGY in a recent paper (Winckler, 1960). Many

other observations were made during 1959 and 1960. Some of these have been

studied and reported in the literature (l_lnckler, Bhavsar, 1960; Winckler,

Bhavsar, Peterson, 196!). In some of the very strongest storms the x-rays

were accompanied by solar cosmic ray particles. In such cases the photons

could be measured only with special instruments such as scintillation counters

which would respond selectively to the x-rays and not to the cosmic ray particles.

A recent study has been made covering the period August 23, 1959 to

August 29, 1960 (May, 1961). During this period cases of x-ray bursts were

studied and correlated with the total magnetic field of the earth measured

with a rubidium vapor magnetometer at Minneapolis. A _ary of these events

is given in Table I. The tabulation shows the duration of the event, the inten-

sity of the x-rays measured in terms of the response of the standardized ion 1 0
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chamber, the estimated mean energy, and the total flux of electrons striking

the top of the atmosphere which corresponds to the observed photons at balloon

heights. Figures 3, 4, and 5 are exaw_les of the x-ray bursts observed during

this period compared with the total field magnetometer. These figures show

very clearly the strong association between negative ex_ursions from normal of

the _agnetic field and the precipitation of electrons on the high atmosphere.

Examination of the records also shows the nighttime character of the events.

In the one-year period from August 1959 to August 1960, 8050 hours of magnetic

records were taken at Minneapolis. Considering all events in which the magne-

tometer excursion was greater than lO0 _ negative, the total nt_ber of hours

is 134. _ghty-three percent of these were in the 12 hours centered at local

midnight. Of the 134 disturbed hours, 38.5 hours were covered by balloons

floating at ceiling altitude at Minneapolis, with instruments in proper opera-

tion. X-ray bursts were observed 64% of the time. On the other hand, I$47

hours of balloon flight at ceiling with instruments operating properly were

obtained during quiet periods with the magnetic field deviating less than I00_

negative and x-rays were observed only 1%_ of the time.

A strong correlation has been shown to exist between magnetic bays and

aurorae (Bless, Gartlein, Kimball and Spra_ue, 1959). This association,

coupled with visual observations which have been made from time to time,

provides convincing evidence that the whole phenomenon at _ = 55° occurs

simultaneously, namely, the presence of visible aurora, strong negative ex-

cursions of the magnetic field, and the precipitation of electrons from the

magnetic field into the atmosphere. The magnetic storms which produce aurorae

at 55 ° geomagnetic latitude at the zenith are mainly the large storms of the

period of solar maximum. The aurora, x-rays, and other associated events oc-

cur during the main phase of such storms. Since the storm time magnetic field

has a systematic worldwide character, and is not dependent on local time, the
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effects mentioned above which are highly concentrated in the dark hours may be

considered to be nighttime intensifications of the phen_nena wkich occur during

the main phase. It is well known that the mzi_ phase contains many local large

v_--latlons wb£ch differ from one longitude to another. Apparently the local

time effect refers to these superposed deviations during the main phase which

are not worldwide Sm character.

Figure 6 shows a further measurement, hhis time with a sc_nti!lation

counter, of x-ray bursts at Minneapolis accompanying a series of magnetic bays

during a storm on July 16, 1960. Several interesting features are shown by the

scintillation counter _ich are not detected_ by the ion c_ers. _lrst, the

very short time scale of the x-ray fluctuations is shown, as bursts are observed

down to the limit of time resolution of the scintillation counter _ich lies

in the range of a few seconds. Such rapid fluctuation csm on3_ be due to the

irregular manner in which the electrons are precipitated on the atmo_qohere.

Second, the steepl_r rising photon intensity, as meaontrement_ are made at lower

and lower energies, is also apparent by compari_ig the low ener_ _nd high

energy channels in Figure 6.

It is weI]_ at this point, to considsr the problem of _tn_er_-ug from the

observed bremsstrahlung intensity and spectrum at balloon heights _he flux and

spectrum of the electrons incident on the top of the atmosphere. Tkls intez_

pretation _nvo!ves k_owledge of the processes in the _:thick target" _'_onversion

of electrons to bremsstrablung _n the ahnosphere, the processes of absorption

of this thick target _pectrum as the photons proceed down to balloon altitudes,

and the relative sensiti_Ity of the Inst_nments in the different reElons of

the bremsstrabolung spectra° Possible solutions of t_s interpretive problem

have been obtained by careful calculation of aUl the various stsps in the pro-

cess from theoretical and empirical information. Since smch a procedure is

complex and is frequently criticized, a direct experimental check on the entire

18
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process has also been carried out by the specially constructed laboratory x-ray

generator shown in Fig?re 7. This machine is a small accelerator working in

the range 20-100 kilovolts, and a known _arrent of electrons c_u be made to

bombard an aluminum target on the end of the accelerating tube. Experimental

apparatus can be placed below this target. In this way the theoretically ex-

pected bremsstrahlung response of the ion chambers and cotLnters was compared

directly with the measured values (M__ 1961). The theoretical data for the

thick target bremsstrahlung spectra in air were obtained from the work of

Casper (State University of Iowa, private co_n_nlcation). These curves give

the photon spectrum radiated by monoenergetlc electrons -_hlch slow down and

lose energy mainly by ionization in the atmosphere, and at each energy in the

slowing down process radiate the appropriate quanta due to the bremsstrahlung

process. Correction was made for the al-J_n_ram-to-air dependence of bremsstrah-

lung production in the electron target and the response of the ion chambers

and counters was calculated from the known arctic processes involved in the

absorption of the x-fairs of various energies. In this way the ionization

chamber pulsing rate and the Gelger counter counting rate were computed for a

normalized flux of electrons of each energy.

These calculated results agree extremely well _Ith the laboratory measure-

ments where the entire situation was simulated _th the x-ray accelerator. A

block of dry ice was used to simulate the atmo_here above the balloon. A

comparison at two typical energies is given in Table Ii, between the theoretical

Table IT

F_perinents and calculated chamber response to D.C. x_ray machine

ELECTRON E_U_GY

( ev)

5o

75

EXPER_NTAL

RESPONSE

(pulse s/electron)

2.2 x 10-13

9_5 x I0=13

CAID_.TED
RESPONSE

(pulses/electron)

2.1 x I0"13

9.7 x I0=13 2O
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and experimental results. The standard monitoring instruments llke the ioniza-

tion chamber and Geiger counter can, of course, only give a mean energy for

any measured spectrum. Various trial spectra for the electrons incident on

the atmosphere can be put into the process and the ratios of the response of

the instrm_ents can be determined. This can then be compared with the measured

ratio for estimating the probable type of spectrum and the electron flux. Such

results are su_mmrized in the colu_ms of Table I. From the scintillation

counter, on the other hand, spectral information is obtained about the photons.

Then the trial electron spectra, when converted to photons, can be compared

with the experimental curves much more precisely. In principle, for bremsstrah-

lung observations it is i_possible to infer in a completely unambiguous manner

the electron spectrum from the observed photon spectrum in the atmosphere.

However, the method of "trial" electron spectra gives useful results and is

consistent with the present state of knowledge of the entire subject. Such

a calculation has been carried out for the aurora of May 12, 1959 by B_avsar

(1961). Typical results of this are given in Figure 8. An electron spectrum

represented by the following power law relation fits the observed values at

the lower energies:

N(>E) = 0.66 x 1015 E"5

with E in kv_ the spectrum representing an average over an 80-minute burst.

This power law spectrum is similar to that estimated for the outer zone of

the Van Allen trapped radiation (Vernov and Chudakov., 1960) . At higher

energies the observed photon spectrum flattens more than can be produced by

a simple power law electron spectrum. The scintillation counter results of

Hb_vsa_ on the aurora of May 12, 1959 show that a photon flux of 600/cm2.sec

greater than 22 kilovolts was measured at balloon heights of about 30 km or

I0 _cm 2 depth. The peak intensity of electrons precipitated on the top of

22
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the atmosphere of E >22 kilovolt energy was 109/cm2.sec. The average _er

_er an 80-minute period which covered the intense part of the aurora _ 22

kilovolt_incident on the top of the atmosphere was lol2/cm 2. The nt_bers

given in Table I fram the work of M_V (1961), which _bave been derived assuming

a power law spectrum with an exponent which gives the observed ratio of the

counting rates of the instruments, give values between 109/cm 2 and 2 x Ioll/cm 2

averaged over a typical electron burst of approximately I00 minutes duration.

The spectra averaged over a period of bursts is probably the most satisfactory

to use for further comparison. May (1961) has pointed out that the detailed

structure of a burst shows variations in the spectra in a random manner as

sho_n by _arge fluctuations in the ratio of the ion chamber and counters re-

spending to the x-rays.

The x-ray bursts observed at geomagnetic latitude 55 ° at Minneapolis may

be _rized as follows.

I) The bursts occur du_Lng strong bays or during the main phase of vigor-

ous magnetic storms°

2) Where visible auroral observations may be made, the x-ray bursts are

correlated very well with aurorae at the zenith, particularly rayed structures.

The time comparison is _It_hln the limit of accuracy of the measur_nents and may

be as short as one mi_uteo

3) The x-ray bursts, the magnetic disturbances, and the aurora in general

center during the r_ight hours local time.

4) The flux of electrons producing the x-ray bursts varies between 109

and 1012 electrons/cm 2 during typical burst times of approximately one hour.

The peak intensity may reach 109/cm2osec in strong aurorae.

5) The electron spectra which best fit the observed photons at balloon

height are very steep and can be represented by a power law spectrum with

exponent of 4 or 5 for the differential energy of the electrons.



llI. AURORALZONEX-RAYBURSTS

Numerousobservations have nowbeen made9in the auroral zone of latitudes,

of x-rays similar to those described above, at Fairbanks, Alaska, and Ft.

Churchill, Manitoba. The earliest observation of what apparently is the same

type of radiation now obserced with balloons in the auroral zone was madeby

Van Allen (1957) using the "'rockoon'" sounding rocket techni_ae. The rockoons

frequently showedthe presence above the atmosphere of muchenhanced soft

radiation. Van Allen identified this radiation as bremsstrahlung in a range

of energy simi_2r to the auroral x-rayso An examr,le of such enhancedradia-

tion above the atmosphere is given in Figure 9 (from Van Allenls paper). The

rockoon shots over a range of latitudes localized this sporadic radiation in

the normal auroral region. However, the radiation was frequentSy not present

on rocket soundings ev6n in the auroral zone. The rockoon observations show

that even at the time of b-anspot mdnimtnn the bremsstrahlung high in the atmos-

_phere could be observed. The typical fluxes observed by Van Allen and co-

workers for the _oft radlatior, above the atmo,._pherewere found to be

106-108 eleotrons/cun2.sec for E>IO kv,, and the ener_ somewhat lower than

is accessible to b_loonso Van Allen called the bremsstrahlung "auroral

radiation" _t the &!root association with vi_lble aurorae was never made,

due to daytime rockoor, firings or cloudy sMes. Later findings indicate

that this rockoon 0_of_ radiation i_ probably not associated directly with

aurorae o

The first obse_a+ion of x-rays _n the an_ral zone wlth balloons was

made by Ander_sonn (1958) in August of 1957 at Ft. Chu_ohill, geomagnetic lati-

tude 69°. The soft radiation _curred during a considerable magnetic dis-

turbance _at was not definitely correlated with visible aurorae° Some varia-

bions were observed oorresponding with changes in the earthUs magnetic field;
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however, Anderson later applied scintillation detectors to the x-ray

measurements in the auroral zone and has obtained mar_ examples of bursts from

which energy spectra could be derived. A good example of such bursts is shown

in Figure lO during the August 17-18, 1959 geomagnetic disturbance. These

measurements are of importance because the very elliptical orbit earth satel-

lite Explorer VI was transmitting at this time and _here was an opportunity to

compare the intensity of the trapped radiation on lines of force connecting

the satellite with the atmosphere at Ft. Churchill. This will be discussed

below.

Figure I0 shows several features of the auroral zone b_rsts which seem to

be typical. One of ÷_ese is the appearance of the x-rays daring both the day

and night. The second is the results of the rates at different energy ranges

which show that the spectrum is siz_lar to that measured at lower latitudes

described earlier. Detailed analysis (Ande.__r__s_0_and Ene_k, 1960) shows a

very steep spectrum w_ch can possibly be fitted by a power law but sometimes

shows a flatterLing out at high energies. In a way s_ilar to the lower lati-

tude measurements, the individual bursts are of very short duration and ap-

preciable variations in a time of about one second can be found. Anderson

has also shown that the auroral zone energetic x-rays are not coincident in

time with visible aurorae. Figure II (An__dersona_nd Ene_k, 1960) compares

the x-ray burst_ with all-sky camera photographs which show that at the time

of active forms at the zenith the xorays were absent_ but that the bursts oc-

curred prior to the begir_aing of active forms° The well-known midnight maxima

of aurorae in the auroral zone co_pared with the round-the-clock occurrence of

the energetic x-ray bursts also show the lack of association.

Recent rocket experiments by McIlwa===__(1960) show dramatically the dif-

ference in energy of the particles causing the visible auroNa in the auroral

z_ne from energies measured in balloon x-rays. In Figure 12 we reproduce two

2V
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- 24 - Figure 12. Total energy (upper) and Oeiger counter rate (lower) during a rocket

trajectory at Ft. Churchill which massed directly through a bright visible
aurora. (From McIlwain, 1960) Note the absence of any effect in the Oei[er

tube. The electrons were concentrated at approximately 6 key.



figures from McllwainTs paper which sho_ the very high energy flux measured

in a bright aurora in the form of electron_ of 6 kv or less, and at the same

time no detectable effect on a Geiger counter of the type used in balloons.

Although the Geiger counters at balloon height show, in general, small effects

because of their low sen._ltivity, hhe rocket c_dnter w_Ich went directly

through the intense p_a_ of the aurora never+_heless is very significant in

showing the absence of any bremsstrahluug above 20 kv. With fT_xes as high

as 5000 ergs/cm2osec_ which corresponds to electron fluxes 1012 to lol3/cm2.sec,

the flux of electrons >20 kv must _ave been less than l_/_n2_sec. Davis,

Be and Meredith_ (1960) _e _.so msa_ured the _'iux of electrons and ions as-

sociated with aurora using rocket techniques at Fort u_nurchill in 1958. Davis t

rocket firings did not penetrate dlrectU_v through _e intense region of an

aurora, but detected electron _'i_Jxesin the raz_e 8 kv <E<lO0 kv of 0.5 to

2.5 er_cm2-seco_er. The_e fluxes occurred in diff_se _Arfaces and post_

breakup rayed structares of _ntensity I. Davis has also mea_Jred directly

with rockets the eTectrons associated with auroral zone x-ray ever_ts of the

type detected with balloons. These mea_mtrements give important information

about the precipitation process from the magnetic field _ud will be discussed

later.

Some statistics concer_z[ng the x-rays and the electron spectra producing

them from the _ork of Anderson f_'_m the Ft. Churchill observations, are as

follows:

Electron _ectra N(>E) = I.i x 106 e_0"0_

Electron flux >25 kv B 4x lO6 cm"2 sec -I

) Maximtm

I ofBurst

Anrora_ zone x-ra_-s present 40% of time.

X-rays not closely correlated with magnetic conditions.

Daily flux into atmosphere-_lolO/em 2 31
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All of the balloon groups have reposed at high latitude strong correla-

tion between the x-ray bursts detected by the balloon instruments and the

ionospheric absorption of radio waves, for example by riometer measurements.

"Auroral" absorption of extragalactic radio waves is frequently mentioned in

the literature° However, the ionospheric effects with which we are interested

are of a different type, are separated from the atu_ora, and are produced by

relatively high energy electroms. In many cases the absorption follows in

great detail the intensity of the x-rays observed at balloon heights. Figures

13 and 14 show comparisons of the Ft. Churchill riometer (courtesy T.R. Hartz,

Canadian Defence Research Board, Ottawa) and balloon ion chambers flown by the

Minnesota group during the st_er of 1960. These cases show that the absorp-

tion event begins when the x-rays first appear, that the detailed ion chamber

peaks are reflected in the rlometer absorption increases, and that the high

intensity bursts of x-rays correspond to large absorption. Figure 15 shows

a case in which riometer absorption was detected but no disturbances at bal-

loon height were observed. We believe t.hat this poor correlation is due to

the latitude and longitude drift of the balloon which carried it away from the

region covered by the riometer antenna and that the precipitation was local

enough in nature so that The correlation was destroyed. The auroral absorp-

tion seen on riometers has been discussed by _._n and Little (1957). In

this paper the authors noted that the greatest absorption occurred during the

pulsating pe_lod of the auro'_a s2d suggested that this absorption may have

been connected with the x-rays discovered at balloon altitudes. We have made

the argt_ent (W1nck!er Peterson Hoffm_,and .A__2ol_, 1959) _at, since the

primary electrons carry 103 50 104 times the energy carried by the x-rays, the

absorption was likely caused by the primary electrons themselves even though

they do not penetrate very much into the D-layer of the ionosphere. However,

the riometer absorption probably does not occur above heights of 70 _m. If

32
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this is true, it is difficult to see how the primary electrons can penetrate

this far into the ahnosphere and cause the absorption.

Recently, Brown_ Hartzt Landmark_ Leinbach_ and Ortner, (1961) have

shown the widespread correlation between a balloon x-ray burst detected by

balloons at Fairbanks, Alaska, at the time of sudden co_nencement of a magnetic

storm and rio_eters distributed over the auroral region including stations in

Norway and Sweden. The correlated absorption increase of several decibels oc-

curred during auroral activity at many of the stations but was detectable be-

cause it was a sharp, isolated absorption_dmum lasting only a few minutes.

The precipitation of the electrons occurred orgy in a ring or a series of

patches around the auroral zone and not over the complete polar cap. A few

cases are available in which such x-ray events were studied by balloons at

several locations simultaneously, for example the July 16-18, 1960 event. It

is evident that more correlation is obtained between balloons at high latitudes

near the auroral zone than between the auroral zone and southerly latitudes at

Minneapolis. In fact, in most instances during x-ray bursts observed at

Churchill, no correlation at all is obtained with bursts at Minneapolis.

Similarly, there are good cases on record in which the precipitation of strong

x-ray bursts at Minneapolis is not accompanied by any detectable effect at

higher latitude. For example, on September 3, 1960, a strong x-ray burst was

recorded at 0Ill UT only at Minneapolis (_lnckler_ BhavsarkMasley, andMay, 1961).

Estimates have been made of the electron fluxes in the auroral zone

causing the bursts there and in general these estimates show a smaller flux

than at lower latitudes. For example, the levent studied by Brown, H_art_,

Landmark, Leinbach, and Ortner (1961) described above corresponds to a flux

of 2-6 x lO7 electrons/cm2.sec with energies_50 kv. The total integrated

electron intensity was 3-9 x 109 electrons with energy • 50 kv per cm2.

Brown (1961) finds that at Fairbanks, Alaska, during June and July 1960, the
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auroral zone x-rays are detectable with Geiger counters approximately 10%of

the time at pressure altitudes in the range 10-15 rob. The daily flux of

electrons with energies _50 kv is about 6 x l0 I0 particles/cm 2. On August

16, 1959, Anderson and Enemark (1960) found a peak flux of primary electrons

_25 kv of 4 x lO6 on a vigorous event. The msximum photon flux acco_pa_ng

such bursts was 40 photons/cm2-sec above 22 kv. However, Anderson also con-

cludes that the influx of electrons occurs a much greater proportion of the

time in the auroral zone than at Minneapolis. These estimates show that an

average flux of I0 photons/cm2.sec may be present as much as 40% of the time

and that these measurements are conservative. Thus, although the peak inten-

sities are much lower as can be seen by comparing these figures with the

fluxes mentioned above at the latitude of Minneapolis, the larger n_nber of

the bursts of all sizes still brings the total number of electrons precipi-

hated to quite a high value. Anderson estimates that the dai_ flux of elec-

trons above 25 kv energy lost in the atmosphere over the auroral zone is of

the order of 1010/cm 2. Similar observations were obtained by the Minnesota

group in flights made at Ft. Churchill during the summer of 1960 when the

sporadic x-rs_ bursts were observed on mar_v occasions. The correlation _th

the riometer shown in Figures 13 and 14 are examples of these bursts. The

mean energies are similar to bursts observed at Minneapolis with the same

instruments, but in general, the intensities are less.

In _ry, the characteristics of the x-rays observed in the auroral

zone are that they occur a considerable fraction of the _me at low intensity,

that enhanced intensity occurs during geomagneticaLly disturbed periods, that

the peak intensity of the bursts is much lower than at lower latitudes, that

the bursts are not closely associated with visible aurorae, and that in the

auroral zone at certain times widespread close time correlations are observed

in the precipitation of the electrons but that sometimes also the precipitatig_ _
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at high latitude and that at intermediate latitude are apparently not corre-

lated in time in any detail.

The discovery of the trapped radiation belts around the earth has resulted

in a fresh and very promising approach for understanding the phenomenaof the

aurora. It is the opinion of the writer that the precipitation of the elec-

trons producing the balloon x-ray events mayhave a similar close connection

with the trapped radiation. In this case the possibility of discovering rela-

tionships is even better than for the visual aurora, since the energy range

of the electrons producing the balloon x-rays is similar to that of the trapped

electrons which have been measuredwith counting devices in satellites and

space probes. The presence of a large reservoir of radiation contained in the

magnetic field a short distance above the atmospheremayprovide a source for

the electrons seen entering the atmosphere, and a search should be madefor

suitable perturbation mechanimnsby which the trapped electrons may be dis-

charged into the atmosphere at a time of magnetic disturbances.

It should first be pointed out that the general appearance of the energy

spectrum of the precipitated electrons deducedfrc_ the balloon observations

is similar to the spectrum of electrons in the outer zone of the Van Allen

regions which has been obtained frc_ rocket and satellite measurements. The

differential spectrum deducedfrom the balloon measurementshas the form CE-6.

According to Vernov and Chudakov, (1960), the spectrum in the high iutaasity region

of the outer radiation zone can be represented by a similar spectrum CE -5.

Of course, this similarity of spectra is no proof in itself that the precipi-

tated electrons actually are a part of the trapped reservoir. However, there

are other relationships which support this view. We show in Figure 16 a pro-

file of the outer radiation zone along a radius in the equatorial plane.

These data were obtained from the satellite Explorer VI with the University

of Minnesota Geiger counter unit (ATnoldy , Hoffmant and Winckler, 1960a). 3_
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The two curves are for two periods representing the first week of Explorer VI

during a quiet period, and the higher curve during an enhanced period follow-

Ing a strong geomagnetic disturbance. Also shown in Figure !6 are the dipole

lines of force which show the connection with the earthts surface in geomag-

netic latitude. We see that a llne of force intercepting Ft. Churchill or

Fairbanks, Alaska, reaches the equator between 40,000 and 50,000 km from earth

center. In this region there is an appreciable intensity of trapped electrons

of 50-kilovolt mean energy. During the quiet period, August 7-14, 1959, as

shown in the lower curve in Figure 16, the intensity on the Ft. Churchill line

of force, however, was near the cosmic ray background which, in this figure,

was about two counts per second. About an order of magnitude more counting

rate was observed during the enhanced period from August 24-30. It must be

remembered that since the counting rate is largely due to bremsstrah!_ng and

not to direct electrons, the intensity of the trapped radiation in terms of

electron fluxes must have gone up several orders of magnitude higher. If we

consider a line of force which connects with the latitude of Minneapolis at

about 55°, we find that this connects in the radiation belt Just at the re-

gion of most intense trapped radiation in the equatorial plane. During the

history of Explorer VI, the outer zone exhibited a complicated structure,

frequently having two maxima which are well illustrated in Figure 16. It

was observed that the outer of these two maxima was the most strongly modu-

lated by the geomagnetic disturbances. In this region of the radiation

belts the intensity is some I000 times greater than in the region connecting

with the surface in the auroral zone. It appears to be not mere chance that

the peak intensity of the x-ray bursts observed at Minneapolis is considera-

bly larger than the peak intensity of bursts observed in the auroral zone

region, and that this fact implies that the trapped radiation may, in fact,

consitute the reservoir from which the balloon x-ray events are produced.
4O



- 35 -

Another interesting feature of the outer radiation belt is shown in

Figure 17. This figure derived by Van Allen and co-workers (private com-

munication) from the satellite Explorer VII shows the location of the maximum

of the outer radiation belt at heights of about 100 _m. The satellite passed

through the lower edge of the trapping region at lO00 km and the position at

this altitude is then projected downward along a local magnetic line of force

to the altitude of lO0 km where discharged radiation would enter the dense

atmosphere. Each point represents a value so obtained at !00 km from a pass

of the satellite. The curved lines on the map labeled with L numbers from 2

to 8 represent guiding center shells and the L value refers to the radius in

the equatorial plane where this shell crosses. We see that the outer zone

locus conforms well to the shape of this pattern of shells derived from the

well-known properties of the electrons trapped in the geomagnetic field. It

should be noted also that the center of this region is about 1° in latitude

north of Minne_oolis and is located between 56° and 57° geomagnetic. Figures

16 and 17 are quite consistent in their implications although they were meas-

ured over considerably different periods of time. The balloon measurements

of auroral zone x-rays made by Anderson on August 17 and 18, 1959, shown in

Figure I0, are especia!_y significant as Explorer VI was making passes through

the magnetic shell connecting to Ft. Churchill, the balloon location. This

region of the radiation belts normally gave only cosmic ray background rates

on the Anton type 302 counter in Explorer VI (Arnoldyj Hoffmanf and Winckler,

1960a). On August 17 a significant intensity of trapped electrons appeared

in this region giving a rate in space from bremsstrahlung of about 20-40 c/sec

and showing much structure between 48,000 and 32,000 kin. The intensity in

this far edge of the outer zone remained high until September 4. This is

shown also in Figure 16 (enhanced curve). The x-ray bursts at Ft. Churchill

during this time were exceptionalS_v intense for auroral zone bursts. 41
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Early in this storm on August 16 the Anton 302 counting rate in the main

outer zone showed a substantial decrease (Arnol_ andJ_inckler,

1960a). This was interpreted as a dumping process. The loss of energetic

radiation was contained in Lines of force reaching to the latitude of

Minneapolis, where a strong aurora was observed. Aurorae of this type, with

corona and ray@d structure at the zenith, invariably accompany x-ray bursts

in cases where balloon observations are available. The dumping, however,

must accompany redistribution and energy changes of the trapped radiation.

Sufficient radiation apparently disappeared from the trapping region on this

occasion to have accounted for a strong balloon x-ray event.

An explanation of the x-ray phenomena in terms of the trapped radiation

and processes in the geomagnetic field, of course, excludes the possibility

that the balloon x-ray electrons are injected directly from solar streams.

So far, only one conclusive case exists in which it can be shown that such

solar injection does not occur, This was during the history of the deep

space probe Pioneer V (Arnol Hoffman and Winckler, 1960b) when it was

shown that by comparison with the earth satellite Explorer VII (Van Allen and

Chin_ Lin_ 1960) large changes in the outer radiation belt occurred when the

electron flux in deep space was negligibly small. We will assmme that the

observation on this one event on March 31, 1960 is typical of other cases

and, in fact, that it is unreasonable in ariv case that the 50-kilovo!t elec-

trons would be able to find their way from the sun and be injected into the

earthls field in a manner sufficient to produce the observed trapped radiation.

In fact, the whole auroral phenomenon and the x-ray observations become much

easier of understanding if one assumes that they are caused by particles which

constitute the trapped radiation surrounding the earth. For example, the con-

tinual precipitation of small fluxes of x-rays in the auroral zone occurs from

a part of the earthls field which is at a large distance, where the field is

43
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weak and solar plasma streams can frequently and easily perturb the field.

On the other hand, the precipitation of elecSrons from the heart of the

outer zone, which is at a much smaller distance from the earthJs center,

can only occur during violent magnetic disturbances, but then one might

expect much larger peak fluxes of electrons and x-rays. It has been clearly

demonstrated in The first section of this paper that this is the manner in

which the balloon x-rays are actually observed to occur.

However, the process of the precipitation of electrons from the magnetos-

phere into the dense atmosphere at lO0 km cannot be merely a simple ejection

from a static reservoir. In order to bring electrons out of the field, ac-

celeration, deceleration, and redistribution of the entire spectrum of elec-

trons present in the trapped radiation must occur. A crude spectrum of elec-

trons which may participate in these processes during perturbation of the

field is given in Figure 18. These densities are those estimated for the

upper ionosphere, whistler phenomena, visible aurorae, and the trapped radia-

tion studied with counters in satellites. The portion of the spectrum meas-

ed in the balloon x-ray and satellite experiments lies mainly between lO

m%d I00 kv.

If an x-ray observation shows a certain flux of electrons entering the

atmosphere at the foot of a line of force, then these electrons at some

point along their guiding center trajectory must enter the "dumping" cone

of pltch-angle directions. This cone of directions is defined by

mm

B

where _m is the angle to the local field direction at a point on the line

of force of field intensity B, B1 is the field intensity on the same line

of force at a height h where the electrons are removed by atmospheric scat-
m

terlng. This height may lle between lOO and 300 kin, and _ = 90° in this 44
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region. At the equator on a trajectory or shell connecting to Minneapolis

the dlmTping cone half-angle collapses to about 7°. Under "quiescent" con-

ditions the dumping cone should be empty of particles. Any process which

injects particles into the dumping cone at ar_ position along a line of

force may cause precipitation. Such processes might be betatron type ac-

celeration or deceleration, scattering by hydromagnetic waves, or perturba-

tion by VLF electromagnetic waves especia!U_V if the frequency is near the

gyro-frequency of the electrons. Multiple coulomb scatterln_, even during

periods when the scale height of the atmosphere increases during storms, can-

not be a primary mechanism for producing the intense, rapid and sporadic bal-

loon x-rays. On a line of force connecting to the auroral zone the dumping

cone collapses to a much smaller angle, approximately 3° at the equator.

Thus both the vol_e in velocity space and the surrounding flux .of elec-

trons which may enter this volume are larger for Minneapolis than for the

auroral zone.

Electrons in the dumping cone were observed in a striking manner by the

rocket observations of Davis Ber and Meredlth, (1960). Figure 19 repro-

duces preli_huary electron distributions at I00 km above Ft. Churchill on

June 6, 1960 at III0 U.T. It can be seen that as the intensity of electrons

increases, the angular distribution changes from a flat form _ith maximu_

intensity at _= 70 ° to a form with direction between Y= 0 and y= 70

filled in by trajectories.

Since the d_cs of the outer Van Allen belt presents such a complex

problem, in this paper only certain requirements to be met by a "dumping"

mechanism will be stated, and some suggestions made for mechanisms to accom-

plish this.

The requirements are:

I) The frequent discharge into the auroral zone atmosphere of electrons _G
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from a region or shell crossing the geomagnetic equator at 6-7 earth radii.

The discharge must occur in both the sunlit and dark hemispheres. It may be

intensified at times of magnetic disturbances but must also occur during

"quiet" periods as sho_m by surface magnetometers.

2) At times (e.g. at a sudden commencement) the auroral zone dtn_ping

must occur simultaneously over a wide range of longitudes. At other times

the d_mping may be local.

3) The integrated 24-hour flux of electrons dumped from the far reaches

of the geomagnetic field may equal or exceed the total trapped flux in that

region. Thus the store of electrons in a lower energy region shown in Figure

18 must be utilized through a local acceleration mechanism. Direct injection

from solar clouds does not seem likely.

4) The dumping mechanism must operate selectively for the high latitude,

high energy electrons so that strong time correlations with the d_u_ping of

low energy visible auroral radiation are not obtained.

5) In the case of strong low latitude aurorae and magnetic storms, dumping

must occur from the heart of the outer zone at about 3.5 earth radii. In this

case it is probable that all energies of auroral particles including balloon

x-ray electrons appear in the atmosphere simultaneously.

6) Low latitude dtu_ping must be time-correlated with local negative

magnetic bays.

7) The peak dumped electron flux at approximately 50 kv must at times

reach 109 electrons/cm2.sec at low latitudes° In the auroral zone the peak

flux must be 106/cm2.sec.

Several classes of phenomena may be considered with dtu_ping as one of

the consequences. Slow changes in the magnetic field with characteristic

times from many minutes to days may involve major distortions of _he dipole

field. In such cases betatron processes may alter the energy spectrum and
48
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redistribute the trapped radiation. During betatron processes the Invarlants

of motion in a fixed field may not be preserved and redistribution of the

radial profile of trapped radiation may result. Thus it is conceivable that

either acceleration or deceleration accompanied by migration of electrons

radially inward or outward may occur and cause injection into the dumping

cone. The mixing of tubes of force has been suggested by Gold (presented to

URSI meeting May I, 1961, Washington, D.C.) as a means for redistributing the

low energy trapped radiation. The effect on high energy trapped electrons is

not known, but may be small. This kind of mechanism may be able to provide a

selective dumpin_ of auroral particles and x-ray electrons at high latitudes.

Rapid changes in the magnetic field in the frequency range of 1 cps to

50 kc seem a very promising mechanism. PowerfUl scattering may occur if
g

hydromagnetic or VLF frequencies approach the cyclotron frequency of the

trapped electrons. Measurements of micropulsations during magnetic storms

have been made by many observers. Recently K. A. Anderson (private communi-

cation) has shown that the auroral zone x-rays occur in close time correla-

tion with periodic mlcropulsations in the I cps range. VLF emissions observed

by Gallet (private communication) also seem correlated in a general way with

the appearance of electron precipitation, particularly the type of emission

known as narrow band hiss. Such emissions may occur near the cyclotron

frequency for electrons at large distance in the geomagnetic field.

Recently Akasofu an_d Chain, (1961) have proposed a neutral line theory

to account for specific features of the visual aurora. They have not applied

their ideas to the dumping of energetic electrons. The lack of correlation

between auroral zone x-rays and auroral zone visual aurorae presents some

difficulties for understanding the energetic electron phenomena on the basis

49
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The lowering of mirror points by solar stream distortion of the geo_mg-

netic field has been proposed by Kern and Vestine, (1961) to account for the

nighttime polar electro jet. Because the x-ray production has no strong night-

time dependence in the auroral zone this mechanism may not be applicable.

However, the preferential nighttime du_ing at Minneapolis must in some In-

direct way be related to such an asymmetry with respect to the solar direc-

tion. Other mechanisms Involvin_ electrostatic forces specifically for

dumpln_ auroral particles have been suggested by Chamberlain (1961) and Ke___

(1961).

5O
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